A s the primary resource for plant growth and the central medium for nutrient, water, and organic matter recycling, soil plays a key role in determining the productivity of terrestrial ecosystems. In the Pacific Northwest, it has long been observed that the depth of soil directly correlates with forest productivity (Steinbrenner, 1979) . Yet, most studies in the ecological literature restrict sampling to within the top meter of soil due to labor, time, and budget constraints (Harrison et al., 2011) . For example, in two reviews of more than 360 articles examining how land use change affects soil organic matter, median sampling depth was 20 cm, and more than 90% of studies restricted themselves to a 30-cm sampling depth or less (Post and Kwon, 2000; West and Post, 2002) . While soil science has come a long way in explaining the essential functions and services provided by soil, the lack of research into deep soil precludes a complete and mechanistic understanding of how soil affects aboveground ecosystem processes and plant productivity. But to address this issue, one must consider one of the most confounding questions in soil science: how deep is soil?
While this question appears on its surface to be simple, the true depth of soil has been a point of great contention among experts in the field. Some assert that true soil includes the O, A, E, and B horizons (Plaster, 2014) , and that C horizons are actually part of the geological domain because they are "little affected by pedogenic [soil-forming] processes" (Soil Survey Staff, 2014) . Because the lower boundary of soil is difficult to define for many soils, the Soil Survey Staff (2014) suggests "there is no alternative but to set the lower limit of soil at the arbitrary limit of 200 cm." Such simplification of the depth of soil fails to acknowledge that early soil scientists conceived of soil as "the entire upper weathering layer of the earth's crust," which undoubtedly includes the C horizon (Ramaan, 1928; Glinka, 1931) . A more recent investigation conducted at the Calhoun Experimental Forest in South Carolina concluded that the entire profile to 8 m depth bore "the strong imprint of biological activity" in all three phases-gas, liquid, and solid (Richter and Markewitz, 1995) . Indeed, the average maximum rooting depth for trees around the globe is 7.0 ± 1.2 m, 5.1 ± 0.8 m for shrubs, and 2.6 ± 0.1 m for herbaceous plants (Canadell et al., 1996) . If one conceives of soil as the material at the Earth's surface influenced by the confluence of biota, parent material, climate, topography, and time (Jenny, 1941 (Jenny, , 1961 , then soil is more voluminous than assumed or measured by much of the soil and ecological literature (Richter and Markewitz, 1995) . Our objectives were to:
• address the lack of sampling and direct observation of deep soil,
• highlight conditions in which soil burial and deep pedogenesis can occur,
• illustrate the importance of deep soil to ecosystem processes and cycles so as to spur further research.
Methods
We excavated and sampled 22 soils from 2.5 to 3.5 m depth in summer 2012 and 14 more in summer 2014 to address the lack of deep soil information available in the Pacific Northwest. These sites stretch across the coastal Douglas-fir ecoregion from the western foothills of the Cascade Mountains to the Pacific Ocean and from southern Oregon to northern Washington, and are all intensively managed for timber production. This paper focuses on a subset of five sites that highlight particular subsoil processes and characteristics, such as deep B horizon development or buried soil horizons, that serve as examples of processes at work throughout the Pacific Northwest and beyond (Fig. 1) . Cool, wet winters and warm dry summers characterize the climate in this region. The rain shadow and elevation effects of the Olympic, Coast, and Cascade Ranges largely drive variation in precipitation and temperature between sites.
At each site, a soil pit was excavated with a backhoe, pedon description was recorded, and bulk density samples were taken at the regular depth intervals of 0 to 10, 10 to 20, 20 to 50, 50 to 100, 100 to 150, 150 to 200, 200 to 250, and 250 to 300 cm (Fig. 2 ). Samples were analyzed for bulk density, pH, Munsell soil color, and texture in the lab. Four soil orders are represented in the dataset-Andisols, Inceptisols, Alfisols, and Ultisols-which reflects the turbulent geological history of the region, including recent glaciation of the Puget Sound basin and active volcanism. This diverse geologic history makes the Pacific Northwest ideal to explore deep soil processes since it provides examples of soils old and young, fine and coarse textured, across steep elevation and precipitation gradients. Collectively, these soils highlight the unseen diversity of subsoil environments and characteristics across the region.
Results and Discussion
C horizons are actively influenced and exploited by plants, despite less pedogenic development than A or B horizons. This can be illustrated by the soil profile at Oppelt Road (Fig. 3) . The soil is typically developing for southwestern Washington, beyond the southernmost reach of the Cordilleran Ice Sheet during the last ice age. The profile closely resembles the Centralia series (a Palehumult), with an Oi and moderately thick A horizon (0-20 cm) grading into thick argillic horizons (20-133 cm) ( Table 1 ). The transition to C horizon below the argillic horizons is gradual, and bulk density remains relatively low despite the transition to coarser texture. Medium to fine tree roots are common down to a depth of 193 cm, and a few fine roots were observed down to the bottom of the pit at 270 cm. The C horizons, though decidedly less developed than the Bt horizons, are clearly an important source of nutrients and/or water, which plant roots are actively exploiting. The soil is also highly acidic throughout, indicating significant biogenic weathering, even in deep horizons. The clear imprint of biological activity deep in this soil helps to demonstrate that C horizons are an active frontier for pedogenic development and can impact forest growth. The arbitrary definition of maximum soil depth at 2 m limits our understanding of pedogenic processes, especially weathering and clay formation that can take place beyond this depth. In fact, argillic B horizon development can be quite extensive. Take, for example, the Ultisol at Les Smith (Fig. 4) . Despite excavation to 3 m depth at this site, no C horizon was encountered (Table 2 ). This profile resembles the Olyic series (a Haplohumult), though without evidence of C horizon(s) or paralithic contact. With respect to the latter features, the soil is similar to the geographically associated Tolke series (a Hapludand). Despite deeper Bt horizon development than the Oppelt Road profile, roots appeared much more restricted to surface soil, likely due to lack of macropores and high clay content. Despite some root restriction at this site, a live medium-sized root emerged into the pit at 2.75 m, and a few fine roots were evident throughout the Bt2 horizon. Soil pH actually decreases with depth throughout the profile, and weathering of primary minerals extends deep into the soil. Clearly, even excavation of deep soil with a backhoe did not capture the full depth of soil development at this site. In fact, at only 5 of our 35 sites was bedrock reached above 3 m depth. Deep soil can be quite voluminous. For example, seismic testing of the Boistfort series soil at the Fall River Long Term Site Productivity study in central Washington revealed contact with highly weathered basalt at more than 5 m depth and contact with hard basalt at greater than 15 m depth (Ward and Terry, 2003) .
Deep soil is not restricted only to well-developed Ultisols in the Pacific Northwest. Soils that have been influenced by recent glaciation and volcanism can have important deep soil characteristics, as shown at Sauk Mountain (Fig. 5 ). The soil is developed from coarse glacial outwash and colluvium, with volcanic ash mixed into the A horizon, much like the Barneston series (a Vitrixerand). Disturbance has clearly played an important role in soil development at this site as seen by the two buried soil profiles below the typical Oi, A, Bw, C horizon sequence (Table 3) . A strong reddish brown 2Bwb horizon is evident from 90 to 120 cm, which grades gradually into 2C1 and 2C2 horizons between 120 and 240 cm. Below this, two dark, relatively clay-rich 3Btb horizons are found, evidence of ancient pedogenesis before the overlying material was laid down. Although not clear in the profile photo, digging with a shovel at the bottom of the pit revealed an organic-rich 4Bwb horizon below these 3Bt horizons from 305 to more than 320 cm. This site is located along a toe slope of Sauk Mountain just outside North Cascades National Park and clearly has a history of mass wasting, which regularly buries soil. Medium and fine roots extend throughout the soil profile despite high bulk density below 1 m, and the nutrient and water holding capacity of these buried horizons is clearly an important ecosystem resource. Buried soils are large reservoirs of soil organic matter, but they are typically not included in regional or global soil inventories Marin-Spiotta et al., 2014) . Soils may be buried through a variety of mechanisms including Aeolian or alluvial deposition, and volcanic ejecta , in addition to soil burial through mass wasting and colluvial processes, as seen at Sauk Mountain. The rate of soil burial can be sensitive to changes in climate. Loess deposits more than 6 m deep developed quickly after climate change at the beginning of the Holocene led to decreased vegetative cover and increased airborne dust, which buried organic matter-rich soil across a large area . Excluding deep soils from field sampling precludes understanding the extent of soil burial due to geomorphological and climate disturbances, as well as inclusion of buried soil carbon and nutrient stocks in biogeochemical and global carbon cycle models.
Plant access to buried soil horizons can be important for fertility and productivity. The soil profile at Copper Creek provides an example of a site where access to buried horizons may be particularly important (Fig. 6) (Table 4 ). The C1 horizon is an 8-cm-thick cap of volcanic ash that begins to be interlayered with pumice cinders in the C2 horizon. The C3 horizon of pumice lies above a buried 2Bwb horizon at least 20 cm thick (230-250+ cm). Similar pumice soils occur around Crater Lake in central Oregon, where the eruption of Mount Mazama, approximately 7700 yr ago, deposited pyroclastic material over a large swath of Oregon (and ash over much of Washington, Oregon, Idaho, western Montana, and southern British Columbia) (Birdseye and Carson, 1974) . The depth of pumice over an older, pre-eruption soil varied from 50 cm to more than 3 m, and bridging between individual pumice particles restricted root growth (Geist and Cochran, 1991) . By fully excavating 60 young ponderosa pine (Pinus ponderosa P. Lawson & C. Lawson) growing on the soils surrounding Crater Lake, Hermann and Petersen (1969) found sharp increases in tree height and annual increment where root systems penetrated the C horizon pumice and reached the buried soil profile.
The processes that lead to soil burial are not always immediately apparent, especially when the disturbance in question occurred thousands of years ago. Take the soil profile at Silver Creek outside of Silverton, OR, which closely resembles the Cumley series (a Palehumult), as an example (Fig. 7) . Below the moderately decomposed Oi layer and loamy A and AB horizons are two deep Bt horizons from 35 to 240 cm depth (Table  5 ). The Bt2 horizon contains more rock fragments than Bt1, and these rocks are coated with distinct clay films. Rather than grading to C horizon, however, the Bt2 horizon meets a flat, distinct boundary with a yellowish brown, clay-rich 2Bt1 horizon at 240 cm. This transitions gradually into a pale, brownish yellow 2Bt2 horizon, which like the Bt2 horizon above it contains more rock and gravel fragments coated with clay. A few medium and fine roots are found down to the bottom of these 2Bt horizons (300-cm depth). Once again, this 2Bt2 horizon does not grade into the C horizon. Instead, it contacts a distinct, massive clay horizon only 2 cm thick (3Btm1, 300-302 cm depth), which itself transitions with an abrupt boundary into a red clay 3Btm2 horizon with paleomorphic features and massive structure from 302 to more than 328 cm depth (Fig. 8) . Such a feature deep in the soil could perch the water table at this site, providing water for tree growth well into the summer dry down. The development of two distinct Bt horizon sequences above this massive clay feature as well as extensive acidification of the entire profile reveals the age of this soil. At least several million if not tens of millions of years of soil development formed this sequence, coupled with at least two distinct disturbances in pedogenic processes. Further investigation will be necessary to determine the cause of this unusual sequence of horizons.
The existence of distinct pedogenic features and processes deep in soil is far from trivial for aboveground ecological communities and for ecosystem nutrient budgets. Zabowski et al. (2011) found between 3 and 48% of soil carbon and between 7 and 35% of soil nitrogen (Whitney and Zabowski, 2004) below 1 m depth in soils spanning all 12 soil orders. Across the 36 sites excavated for this study, 24% of soil carbon on average (ranging from 6 to 57%) (James et al., 2014) and 36% of soil nitrogen on average (ranging from 6 to 65%) was found below 1 m (James et al., 2015) . Subsoil is an even more important pool for base cations; on average, 66% of exchangeable calcium, 57% of exchangeable potassium, and 76% of exchangeable magnesium are found below 1 m at the 22 sites sampled in 2012 (James, unpublished data, 2015) . Ignoring buried horizons and deep soil precludes their inclusion in global biogeochemical and carbon cycle models and prevents complete understanding of the feedback between soil and climate change or other anthropogenic disturbances.
Little research is available in the literature concerning the specific functions of deep roots of various species despite much documentation of their presence (Canadell et al., 1996; Stone and Kalisz, 1991) , but there is growing awareness of the need for further research (Maeght et al., 2013) . In Brazil, eucalyptus (Eucalyptus , 2011) . Douglas-fir have been observed to spread roots to depths greater than 3 m in stands as young as 4 yr, and up to 10 m deep in old-growth forest (Stone and Kalisz, 1991) . Given the considerable extent of tree rooting observed in this study, as well as documented in the literature, it seems likely that C horizons and other deep horizons actively exchange with and are in turn altered by plant roots, at once providing crucial resources for ecosystem productivity and further developing the soil.
Conclusions
While setting an arbitrary maximum depth for soil is convenient (Soil Survey Staff, 2014) , it provides an excuse to ignore or make assumptions about deep soil horizons. Such generalizations unnecessarily exclude reaches of the soil profile that are both poorly understood and largely underestimated for their importance to ecosystem water and nutrient cycles and makes it more difficult to connect pedogenic development with ecosystem function. The symbiosis between plants and soil extends many meters in depth, actively transforming the crust of the Earth to a living substrate through biogenic weathering (Richter and Markewitz, 1995) . There is still an incredible diversity of deep soil processes and characteristics that have yet to be explored. Even in surface soil, attempts to scale point samples to the broader landscape are plagued by spatial variability. Not only are nutrients found in hotspots that vary vertically as well as horizontally in space, they can also form "hot moments" that vary in time (Johnson et al., 2010 (Johnson et al., , 2011 Woodward et al., 2013) . The tradeoff between deeper sampling and frequent spatial sampling presents unique challenges that must be carefully balanced so as to maximize understanding of the whole soil system. Deep soil remains one of the frontiers of soil science, and much further research is necessary to resolve its contribution to terrestrial ecosystem processes and sustaining life on Earth. Fig. 8 . Close-up of transitions between 2Bt2, 3Btm1, and 3Btm2 horizons at the bottom of the soil profile at Silver Creek. Tick marks on soil knife are 5 mm apart.
